Abstract
Introduction
38 39 A major source of airborne pollution in dry arid lands is the fugitive particulate matter 40 (fPM), which is a frequent product of soil erosion from winds (Tsiouri et al., 2014) . The 41 meteorology and low vegetation cover of arid regions make them highly susceptible to wind-42 blown particles. On the other hand, many such regions, like the Middle East Area (MEA), 43 are experiencing rapid rates of urbanization, industrialization and construction, resulting in 44 increased human exposure to the airborne PM. Significant emissions of PM in these areas 45 come from industry, construction, road traffic and natural sources (Tsiouri et al., 2014) . between wind tunnel and field measurements when applied to fugitive emission rates from a 128 large nickel smelter in Sudbury, Ontario (Canada). In their work, mass emission rate was 129 measured through a wind tunnel experiment using the control volume method while vertical 130 dust flux was determined using finite difference approximation. A comparison showed a 131 strong agreement between the measured rate and flux (R 2 = 0.99), and that both vary with 132 friction velocity with a strong correlation (R 2 = 0.80-0.95). In the work of Yuwono et al. 133 (2014), wind speed and soil moisture dependent emission factors were developed to calculate 134 dustfall and suspended particles from two different types of soil (Oxisol and Ultisol). Dustfall 135 and suspended particles were measured for a number of collected soil samples using a lab 136 scale wind tunnel, followed by a statistical analysis to obtain the Pearson correlations and the 137 relative contribution of wind speed and soil moisture, and their exponential relation to the 138 dust generation rate. 139
For the air quality management, emission estimates are necessary in order to evaluate the 140 sources, design control strategies and develop suitable mitigation techniques. One way to 141 quantify emissions is using the empirical factors developed by well-established 142 environmental institutions. However, information on fPM emissions in the currently availableinventories is limited compared to a large number of different sources that can produce fPM 144 emissions. Furthermore, using analogs factors may results in inaccuracies when applied to 145 certain surfaces of interest (Sanderson et al., 2014) . It is worth noting here that the existing 146 factors were developed for certain geographical regions (e.g. geology) and weather 147 conditions, which may lead to inaccuracies when applied to other conditions. Up to date, the 148 vast majority of studies on fPM emissions modelling focus on the wind erosion of typical 149 soils and bare lands of North America and Europe. 150
In this study, we focus on the fPM emissions modelling from a common soil -the Calcisols -151 in dry and semi-dry regions of North-Africa, Middle East, Central Asia and Australia (Figure  152 1). In addition, we consider the wind erosion of loose soil owes to human activities i.e. 153 construction earthworks. We employ both, the field measurements and dispersion modeling, 154 to correlate meteorological variables, fPM concentrations, and emission fluxes. The overall 155 objective is to understand the Aeolian erosion mechanisms and obtain the emission factors of 156 fPM produced by a specific type of soil and surface conditions. Therefore, we chose a 157 construction site at rest as a study area, located within the City of Doha, State of Qatar. To 158 the best of our knowledge, this is a unique study focusing on fPM from construction areas, 159 which are usually very close to, or within residential areas and has a direct impact on the 160 local air quality. 161 wind speed, wind direction, relative humidity, ambient pressure and temperature) were 176 measured at two locations: a construction site (which is also the studied source) and a 177 background location (Figure 2a Figure 2b ) was selected because it was at rest during the 188 campaign, so we consider that Aeolian erosion of the loose soil was the only source of fPM. 189
Methodology
The site was also chosen as it represents a typical open bare land covered by the carbonatesbased soil of the region, highly susceptible to wind activity and close to residential areas 191 (Figure 2a ). According to the wind roses diagrams for the monitoring stations, no significant 192 impact was observed from nearby buildings and obstacles on their wind velocity and 193 direction (Figure 3) . We also studied a number of polar plots (Figure 3b height (from 400 m to 1800 m) were assigned for each time period following a stability class 226 based approach (Winges, 1991) . This assumption was considered adequate because of the 227 small size of the site and the vicinity of the monitoring station to the emission sources. 228
Finally, a roughness length of around 0.06 cm was selected following the textbook 229 guidelines, which corresponds to a flat desert terrain. This assumption is considered valid for 230 the internal boundary layer where both the source and monitoring station are located (Barlow, 231 2014) . 232
Atmospheric Dispersion Modeling 233
The United States Environmental Protection Agency (USEPA) has approved a wide 234 range of well-validated atmospheric dispersion models that can predict concentrations of 235 various air pollutants on both local and regional scales (USEPA, 2005). Most of these models 236 are either limited to gaseous pollutants or designed for large spatial domains. In addition, lack 237 of specific modules to treat different particle sizes may induce deviations on the estimation of 238 concentrations from fugitive dust emission sources (Abdul-Wahab, 2006). In this study, we 239 aimed to choose a simpler model in order to facilitate inverse calculations. 240
The FDM, which is selected in this study, is a USEPA developed air quality model designed 241 specifically to compute emissions and deposition impacts of fugitive dust sources (Winges, 242 1991) ( -)  --2  2  2  2  2  2  8  2  2  2  2  1  1  -2  2 2 2 FDM incorporates point, line and area sources; the latter is used in this study. Area sources in 268 FDM have to be rectangular up to a width to length ratio of 1 to 5 (Winges, 1991) . In order to 269 obtain the source input information required by the model (i.e. area sources dimensions, 270 coordinates of the area source center point and release height of emissions), the total area of 271 the construction site has been divided into 23 smaller area sources (Figure 2b ), formed on a 272 grid of 50×50 m squares. FDM requires strictly rectangular area sources. Therefore, these 273 squares were grouped in a way to form rectangular area sources, with different dimensions 274 (see Figure 2b) , and to be aligned with the wind sectors. In other words, we aimed to keep 275 each of these area sources as much as possible within the respective wind sector (Figure 2b) . 
Source Characterization 285
For the characterization of each area source, and in order to collect additional 286 information that is necessary for FDM, we collected five soil samples (hereafter referred as 287 SS#) from different areas of the site and conducted four different types of analysis that 288 included bulk density calculation, particle size analysis (PSA; Beckman Coulter LS 13 320 289
Laser Diffraction Particle Size Analyzer, the liquid module), X-ray diffraction (XRD; Rigaku 290
Ultima IV X-ray diffractometer) and fluorescence (XRF; Rigaku ZSX Primus II Wavelength 291 dispersive X-ray fluorescence spectrometer). Three samples (referred to as SS1 to SS3) were 292 collected from the construction site area (Figure 2b ) and further two samples (i.e. SS4 and 293 SS5) from the surrounding area, following the (USEPA, 1995) guideline for soil loading 294 estimation. The same guideline was followed for the bulk density calculation. 295
The average density of the tested soil was found to be around 2340 kg m -3 . The 296 crystallographic analysis showed that the soil consists mainly of 55% Dolomite (CaMg 297 (CO 3 ) 2 ), 30% Calcite (CaCO 3 ), 3% Gypsum (CaSO 4 2(H 2 O)) and the remaining 12% is 298 mostly Silica (SiO 2 ). This is expected since the majority of the surface soil in the State of 299 Qatar (Figure 2a) is based on carbonates. Particle size analysis showed (Figure 4 ) that most 300 samples (SS1 to SS3) from the construction site include two modes at ~20 μm and 900 μm 301 (particles greater than 2,000 μm had been sieved out). Although the chemical and 302 morphological compositions were similar for all samples, the samples from the surrounding 303 area (SS4 and SS5) showed only one mode at around 900 μm. This difference is attributed to 304 the different earthworks in the two areas. Thus, the soil of the construction site appears to 305 have smaller particles, which would be more susceptible to Aeolian erosion. Following the 306 above characterization and according to the Food and Agriculture Organization (FAO, 2014), 307 this soil belongs to "Calcisols". Calcisols accommodates soils with a substantial 308 accumulation of secondary carbonates, widespread in arid and semi-arid environments, and 309 often associated with highly calcareous parent materials. 310
Evaluation of Emission Factors 311
The dispersion model, FDM, was used in an iterative manner to develop the source-312 receptor relationship and to calculate of the best-fitted emission flux for two averaging 313 periods (15-minute and 60-minute intervals). Two to ten iterations were performed until 314 achieving a 3 decimals accuracy (of the values reported in Table 1 ).The iterative calculation 315 was performed for five particle size classes (<2.5, 2.5-6, 6-10, 10-20 and 20-30 µm) in order 316 to match the PM 2.5 and PM 10 fractions, and the PM fractions discussed in the AP-42; the 317 compilation of air pollutant emission factors by USEPA (USEPA, 1995). To perform the 318 first run of the model, the initial value for the emission flux was assumed to equal to unity 319 and constant during the whole period. After the first iteration, the emission flux was still 320 considered equal for all 23 rectangular shaped sources but not anymore constant for the 321 whole modeling period. This assumption was based on the fact that the construction site 322 surface material has uniform chemical and morphological compositions (see Section 2.4) and 323 is exposed to the same conditions (i.e. meteorology). The model (FDM) predicted 324 concentrations and the measured concentrations were used to correct the emission flux for 325 each time period and size class, based on the linear relationship between the emission flux 326 and the concentration: 327 
Measurements 363
The weather during the study was typical for the period, with an average temperature 364 of 31±5 o C; there was no rainfall and average relative humidity was found to be in the range 365 of 32±22 %. Prevailing wind direction was NNW (Figure 3) , which is also the annual 366 prevailing wind direction for the region. In this work, all the measurements are averaged to 367 15-minutes and 60-minutes. All the data were checked manually for the purpose of quality 368 assurance and quality control (QA/QC). For steady-state Gaussian plume models, such as 369 FDM, periods of calm wind (i.e. wind speed <1 m s -1 ) must be treated before entering to the 370 model (USEPA, 2005). Data with wind speed less than 1 m s -1 (7.4% of the valid data) but 371 greater than the threshold of monitoring station (i.e. 0.3 m s -1 ) were set equal to 1 m s -1 , and 372 wind speed data below the threshold of the instrument were disregarded (USEPA, 2005). We 373 also disregarded the data for the periods when the monitoring stations were non-operational 374 due to issues such as overheating, clogging, dust storms, and power cuts. It is worthmentioning here that there were periods where the cooling of the background station was not 376 adequate because it was directly exposed to the sun (internal temperatures greater than 377 60 o C). Eventually, we used around 40% of the total data collected for the analysis and 378 modelling purposes. 379
During the study period (40% QA/QC data), very high concentrations were observed at both, 380 the construction site and background location, for all size classes. On the other hand, during severe dust events (not included in Figure 5 ) as reported by Qatar 392
Meteorology department, the background station demonstrated concentrations of both PM 10 393 and PM 2.5 about an order of magnitude higher than those at the construction site station 394 (values were eliminated QA/QC). We could not locate a specific explanation for this trend. 395
Correlations between the Measured Concentrations and Wind Speeds 396
The correlations between all the measured data (meteorology and concentrations) for 397 both locations and time periods were computed and investigated. The meteorological and 398 concentration measurements at the construction site and the background location were 399 compared in order to examine the correlation between all the variables. Concerning the15-400 minute averaged data, a high correlation (R 2 between 0.74 and 0.99) was observed between 401 the concentrations of the different size classes at both locations. This indicates that all particle 402 size classes are strongly related and their largest fraction is affected by the same sources. We 403 also consider a safe assumption that the construction site produces the majority of the 404 The time resolution of 15-minutes was initially chosen based on a rough estimate of the 413 particles transfer time-scale from the background location to the monitoring station at the 414 construction site. This way, it was possible to increase the number of available data points for 415 the emission flux calculations. However, observed correlations were too low, so we used the 416 60-minutes averages (usually a standard time scale in air quality work). The obtained 417 correlations were quite higher (i.e. R 2 between 0.34 and 0.91) and deemed satisfactory. This 418 result can be interpreted as an effect of the distance between the two monitoring stations. 419
Estimation of the Emission Fluxes 420
Following the methodology described in Section 2.5, we calculated the parameters of 421 the emission flux function (see Eq. 2). Table 1 presents these parameters (for the hourlyaverages dataset) and the goodness of fit results for four particle size classes (i.e. ≤2.5, 2.5-6, 423 6-10 and ≤10 μm). Each function provides the developed emission flux for the corresponding 424 particle size class and expresses the wind dependence of particles entrainment. Validation 425 metrics (FAC2, FB, and NMSE) for the predicted emission fluxes are also provided (Table  426 1). Please note that PM 10 emission flux was evaluated twice: (i) once using the predicted 427 emission flux function, and (ii) once as a summation of the emission fluxes of the first three 428 classes. However, as shown in Table 1 , the latter case gave better results compared to the 429 predicted function. 430
The goodness of fit results (Table 1) hand, 90% prediction bands highlight the significant uncertainty of these calculations and that 465 more studies are necessary to reduce the uncertainty and improve the accuracy (Figure 6) . 466 We applied the new emission fluxes to FDM for the calculation of the concentration at the 467 receptor (construction site station) and compared them to the measured data (Figure 7 ). Notethat this is a plausible result because all measurements have been used for the calculation of 469 these emission fluxes. Nevertheless, we have performed this exercise to demonstrate the 470 overall impact of the "high" uncertainty (i.e. the 90% confidence bound in Figure 6 , indicate 471 a high uncertainty on the estimates). 472
As shown in 
